Gamma interferon (IFN-␥) is a widely studied cytokine and one of the most promising biological agents, with great therapeutic potential for several pathologies. This is mainly due to its immunomodulatory and antiproliferative effects and, probably, to its antiviral capacity (13) . IFN-␥, after binding to its highaffinity receptor, regulates over 200 genes (7) . IFN-␥ upregulates major histocompatibility complex (MHC) class I protein expression and induces MHC class II proteins on a variety of leucocytes and epithelial cells. IFN-␥ is also the major cytokine responsible for activating or regulating the phagocytic function of mononuclear cells. It also regulates the production of several immunomodulatory or proinflammatory cytokines such as interleukin-12 (IL-12) and tumor necrosis factor alpha (TNF-␣) (7) .
The IFN-␥ high-affinity receptor is composed of at least two subunits. IFN-␥R1 (alpha chain or CD119) is the IFN-␥ binding chain. It is encoded by a 30-kb gene located on the long arm of chromosome 6 (23) , and it is expressed at moderate levels on the surfaces of nearly all cells. IFN-␥R2 (beta chain or accessory factor 1) is the signaling chain (27) , and it is encoded by a gene located on chromosome 21q22.1 (8) .
The relationship between IFN-␥, IL-12, and TNF-␣ makes up a particularly important system, since it controls mycobacterial infections in humans (14) . Recently, several mutations in some components of this system (ligands or receptors) have been described (4, 11, 12, (17) (18) (19) 21) . Patients with these mutations have similar susceptibilities to infections by atypical and nontuberculous mycobacteria (5) .
MATERIALS AND METHODS

Subjects.
A 5-year-old Spanish girl from consanguineous parents was referred to our hospital with disseminated infection and multifocal osteomyelitis due to Mycobacterium avium complex and Mycobacterium szulgai. A younger brother of this patient is healthy, and a second brother died before the birth of the patient due to meningitis by Mycobacterium bovis at 10 years of age (data collected from the necropsy). The patient did not present with any other important diseases or any secondary reaction to the diphtheria/tetanus/pertussis and oral polio immunizations. She has not been vaccinated with tuberculoid bacillus Calmette-Guérin. The histological study of the patient's samples revealed the absence of mature granulomes. Partial remission was obtained with antimycobacterial drugs, which were continued. Immunological investigation detected no classical immunodeficiency conditions that might predispose the patient to mycobacterial infections. Further immunologic studies revealed elevated levels of plasmatic complement proteins C3 and C4 and immunoglobulin G (IgG) (mostly due to high levels of IgG1 and IgG3 subclasses). The production of soluble CD25 in serum was elevated, while IL-5 and IL-1␤ were within normal limits. The level of TNF-␣ in serum was 0 pg/ml. The proliferative response of the patient's peripheral blood mononuclear cells (PBMCs) after in vitro challenges with different mitogens (IL-2, T and B antigens, lectins, calcium ionophores, and monoclonal antibodies [MAb] against CD2, CD3, and CD28) were within the range of control values (data not shown).
Cytofluorographic analysis. Whole-blood samples were stained by direct immunofluorescence with different MAb, their erythrocytes were lysed, and the remaining cells were fixed for flow cytofluorometric analysis by standard techniques (Qprep; Coulter, Hialeah, Fla.) (9) . The results were recorded as the percentage of positive cells for each MAb (those displaying fluorescence intensities above the upper limit of a negative control). The MAb used were phycoerythrin (PE)-labeled anti-CD45 and anti-CD64 (Caltag, San Francisco, Calif.), PE-or fluorescein isothiocyanate (FITC)-labeled anti-CD14 (Ortho Pharmaceuticals), and FITC-labeled anti-CD119 (Hölzel Diagnostika, Cologne, Germany). Isotypic antibodies were used as a control. Samples were analyzed with an EPICs XL cytometer (Coulter).
Proliferation assays with PBMCs. PBMCs were obtained from donors or immunodeficient patients by density gradient centrifugation using Ficoll-Hypaque (Lymphoprep; Nyegaard, Oslo, Norway) following standard procedures (24) . Isolated cells (8 ϫ 10 4 ) were placed in round-bottom microtiter plates (Nunc, Roskilde, Denmark) in 170 l of AIM-V culture medium (Gibco BRL, Paisley, United Kingdom) supplemented with 1% penicillin-streptomycin (Difco) and 1% glutamine 20 mM (Whittaker, Walkersville, Md.). Stimuli were used as previously described (2, 25) .
Cytokine quantification in serum samples. Different cytokines were measured in duplicate in the sera of the patient, relatives, and controls by using an enzymelinked immunosorbent assay system in accordance with the manufacturers' pro-tocols: IL-5 and IL-1␤, R&D Systems, Minneapolis, Minn.; IFN-␥ and TNF-␣, Bender MedSystems, Vienna, Austria; soluble IL-2 receptor, T Cell Diagnostics, Woburn, Mass.
Humoral and innate immunity. Total serum Ig levels (IgG, IgA, and IgM) and levels of complement factors (C3 and C4) were determined by nephelometry (Array 360 system; Beckman Instruments, Brea, Calif.). Serum hemolytic capacity (CH100) was assessed using a radial-immunodiffusion (RID) kit (The Binding Site Limited, Birmingham, United Kingdom). Serum IgE from the patients and the controls was measured by using the RID kit (The Binding Site Limited).
Phagocytic activity. Quantification of phagocytic activity of monocytes was performed with heparinized whole blood using the Phagotest (Orpegen Pharma, Heidelberg, Germany) test kit in accordance with the manufacturer's protocol.
RNA and DNA amplification. Cytoplasmic RNA was extracted from cultured cells or PBMCs using the Nonidet P-40 lysis method with modifications (10). DNA was obtained from the nuclear pellet by standard methods (10) . The RNA was used as a template for a one-step reverse transcriptase PCR (RT-PCR) (Gibco BRL) performed with specific primers RIFN-␥UPA (5Ј-CCAGCGACCGTC GGTAGCAGC-3Ј) and RIFN-␥LOA (5Ј-ATCCTCTTTACGCTTTCA-3Ј) (1), rendering a product of 1,641 bases that contains the complete coding region. Two additional primers were used to completely sequence the cDNA: RIFN-␥UPG (5Ј-GCTGTATGCCGAGATGGAA-3Ј) and RIFN-␥UPH (5Ј-GTTTCAGCAG AAGGAGTCTTA-3Ј) (1). For DNA or RNA amplification, reactions were carried out in 100 l containing 5 U of Taq DNA polymerase (Perkin-Elmer, Foster City, Calif.) 200 M deoxynucleoside triphosphates, 0.5 M (each) primer, and 1/10 of the RT-PCR products or 1 g of genomic DNA. RT-PCR conditions were as follows: one cycle of RT (20 min at 50°C followed by 2 min at 94°C) and 35 cycles of PCR (15 s at 94°C, 30 s at 58°C, and 2 min at 72°C), followed by 10 min at 72°C for the final elongation.
DNA sequencing. After purification of PCR products with QIAquick gel extractionkit(Qiagen,Hilden,Germany),theywereclonedinthepMOS-Bluevector(Amersham, Buckinghamshire, United Kingdom). Double-stranded DNA templates were sequenced using the dideoxy chain terminator method of Sanger (6) , and sequences were confirmed by analysis of three or more clones from two different amplifications.
PCR-SSCP in genomic DNA. For PCR, a specific genomic primer of intron II, RIFN-␥INTIILO (5Ј-CCTTAAAGGTTCCTGGATTTG-3Ј) (1), and a specific primer of exon II, RIFN-␥UPE (5Ј-GTTACAATTGAATCCTATAACATG-3Ј) (1), were used on genomic DNA. The amplification rendered a 160-bp product. Single-strand conformation polymorphism (SSCP) was used in 27 unrelated controls in accordance with previous protocols (15) .
Expression of CD64 on monocytes in response to IFN-␥. Monocytes were isolated as previously published (20) , prepared by adherence with a purity of 60 to 80% (evaluated by flow cytometry using anti-CD14 and anti-CD45 MAb), and placed in round-bottom microtiter plates (Nunc) in 170 l of AIM-V culture medium (Gibco BRL) supplemented with 1% penicillin-streptomycin (Difco, Detroit, Mich.) and 1% (20 mM) glutamine (Whittaker). Monocytes were cultured for 24 h in the presence of 1,000 IU of rhIFN-␥ (Bender MedSystems)/ml or medium alone. Detection of cell surface CD64 on fresh and cultured monocytes was performed by flow cytometry as described above.
TNF-␣ production by monocytes in response to LPS and IFN-␥. Monocytes were isolated and placed as described above. TNF-␣ produced by monocytes after stimulation with Escherichia coli-derived lipopolysaccharide (LPS; 1 g/ml;Sigma, St. Louis, Mo.) and IFN-␥ (Bender MedSystems; 1,000 IU/ml) was assayed in duplicate by a previously reported procedure (20) with minor modifications.
IL-12 production by PBMC in response to OKT3 and IL2 stimulation. PBMCs (8 ϫ 10 4 ) were placed in round-bottom microtiter plates (Nunc) in 170 l of AIM-V culture medium (Gibco BRL) supplemented with 1% penicillin-streptomycin (Difco) and 1% (20 mM) glutamine (Whittaker). PBMCs were stimulated with OKT3 plus IL-2 used as previously described (3, 25) or with medium alone. After 48 h of culture, supernatants were collected and the IL-12 was measured in duplicate by enzyme-linked immunosorbent assay (Bender MedSystems).
Cell lines. T lymphoblastoid cell lines were established by transformation of PBMCs with herpesvirus saimiri (HVS) supernatant (25) . Briefly, PBMCs from the patient, the patient's family, and from a healthy 5-year-old girl were resuspended at 0.5 ϫ 10 6 cells/ml in RPMI 1640 (Biochrom, Berlin, Germany)-CG medium (Vitromex GmbH, Vilshofen, Germany) (1:1) supplemented with 10% fetal calf serum (Flow Laboratories, Beckenham, United Kingdom) and 1 g of phytohemagglutinin-A (Difco)/ml. Three days after stimulation, cells were resuspended in medium containing human recombinant IL-2 (Boehringer Mannheim, Mannheim, Germany), seeded in 24-well plates (Costar, Cambridge, Mass.), and inoculated with 1 ml of supernatant from cultures of an owl monkey kidney cell line (ATCC CRL 1556) lytically infected with HVS strain C488. Cells were fed regularly as described previously (25) .
IFN-␥RI immunoprecipitation from the T HVS cell lines. T HVS cells (4 ϫ 10
7 ) from the patient and control were washed twice with phosphate-buffered saline and lysed as described previously (26) with minor modifications. Extracts were immunoprecipitated using an anti-IFN-␥R1 (C-20) polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.) as described previously (26) . The immunoprecipitates were then analyzed by sodium dodecyl sulfate-8% polyacrylamide gel electrophoresis followed by electrophoretic transfer to cellulose nitrate membrane (Schleicher & Schuell, Dassel, Germany) and Western blotted with a polyclonal antibody described previously (16) .
Nucleotide sequence accession number. The sequence determined in this paper has been deposited at the GenBank database under accession no. AF056979.
RESULTS
The patient was referred to our hospital with disseminated infection and multifocal osteomyelitis due to M. avium complex and M. szulgai, which suggested an IFN-␥ receptor deficiency. Although the distribution of M. szulgai is worldwide and although the mycobacterium has been isolated in humans in other conditions (i.e., AIDS and others) (28) , this is the first time that it has been isolated in an IFN-␥ receptor-deficient patient.
The patient presented a new mutation that affects exon 2 of IFN-␥R1. The complete sequence of the patient's IFN-␥R1 gene revealed the presence in homozygosis of a thymine-toguanine mutation at position 188 (T188G), which generates a change of valine to glycine in position 63 of the protein (Fig. 1a) . The patient's parents are consanguineous, and both are heterozygous for the mutation. A younger brother of the patient is healthy and homozygous for the wild-type sequence, and a second brother died before the birth of the patient due to meningitis by M. bovis when he was 10 (data collected from the necropsy) (Fig. 1b) . Although samples of this brother are not available, it can be assumed that the cause of the mycobacterial infection was also the presence of the homozygous mutation. Thus, the relevant position of this change in the ligand-binding domain of IFN-␥R1 may cause death in the first decade of life.
The analysis of 27 unrelated individuals by SSCP showed the absence of the mutation, which indicates that the T188G change is not a polymorphism in the population (data not shown).
The results of the cytofluorographic analysis of IFN-␥R1 with antibodies against CD119 demonstrate that the protein is correctly expressed in the patient's lymphocytes, monocytes, and granulocytes at levels similar to those in other members of her family (Fig. 2) .
Immunoprecipitation of IFN-␥R1 from an HVS T-cell line of the patient showed that the protein had a normal size (data not shown). This means that the translation and the subsequent processing of the protein are not altered by the presence of the mutation. However, the computer-generated model (22) revealed that the mutated protein had lost three bonds in comparison to the native one and that there were changes in the distances between atoms in the whole ligand-binding domain (data not shown). Taking all these data into account, it may be asserted that the mutation does not affect the transcription, translation, processing, and expression of the protein in the cellular surface. Several experiments were carried out in order to confirm the abnormal functionality of the receptor (Fig. 3) . The monocytes of the patient presented a clear deficit in TNF-␣ production when stimulated with E. coli-derived LPS plus recombinant human IFN-␥ (rhIFN-␥): 275.3 pg/ml in the patient versus 1,105.3 pg/ml in the brother, 1,627.6 pg/ml in the father, and 1,437.3 pg/ml in the mother (Fig. 3a) , which means that the patient's TNF-␣ production is five times lower than those of other members of her family. Stimulation of the patient's PBMCs with OKT3 plus IL-2 revealed an absolute deficit in the production of IL-12 (data not shown). Finally, the patient's monocytes did not increase CD64 expression after stimulation with 1,000 IU of rhIFN-␥/ml (showing that unstimulated and stimulated patient monocytes produced similar mean fluorescence intensities [1.36 and 1.30, respectively]), and responses were normal in her parents and brother (Fig. 3b) . Moreover, the measurement of the CD64-mediated monocyte phagocytic capacity gave poor results (data not shown). A similar pattern of HLA class II expression was also obtained after rhIFN-␥ stimulation (data not shown).
An elevated IFN-␥ level in the patient's serum disproved the notion that the defects observed could be due to a deficient production of this cytokine (data not shown). All these data demonstrate that the mutation in homozygosis is severe enough to eliminate the functionality of the receptor although it does not abrogate its expression.
DISCUSSION
Several positions (Lys64, Tyr66, Gly67, and Val68) surrounding the mutation in IFN-␥R1 found in the present study (Val63Gly) are fundamental in the interaction between the high-affinity receptor and its ligand (29) . However, one could also hypothesize that IFN-␥ may bind to another still-unknown receptor. Lysine 64, in particular, plays a key role since it directly interacts with IFN-␥. Furthermore, the conservation of residue 63 and other adjacent amino acids (Phe59, Tyr60, Val61, and Lys64) in the homologous murine IFN-␥R1 (27) reinforces the importance of this domain in the binding function (Fig. 1a) . Additionally, it may be that more-subtle aspects on the mutation are present in the patient.
Reports on atypical mycobacterial infections have been published since almost 50 years ago (30) , and in these cases there was probably an underlying defect in the IFN-␥ signaling pathway. The first mutation in the alpha chain of the IFN-␥ receptor was described in 1996 (21) . In 1997, Jouanguy et al. (19) proposed that the severity of the phenotype depends on the type of genetic defect and established a correlation among nonsense mutations (17, 18, 21) or deletions (17) and complete cellular phenotype defects, a histological phenotype of mycobacterial infection characterized by the inability to form mature granulomes and poor clinical outcome. On the other hand, "milder" mutations (19) , which only produce an amino acid change, have been correlated with partial cellular phenotype defects, the ability to form mature granulomes, and a favorable prognosis (5) . Our data suggest that the Val63Gly mutation profoundly affects the functionality of the receptor and contradict the thesis that milder mutations may be diagnosed a priori. The clinical severity (disseminated infection and multifocal osteomyelitis), the absence of mature granulomes in the histological study, and the family history suggest the possibility that missense IFN-␥R1 mutations do not always correlate with a mild clinical phenotype. The present case describes one of the first cases of complete IFN-␥R1 deficiency caused by mutations that disrupt the IFN-␥ binding site without affecting surface expression.
It is feasible that the change of the amino acid generates a structural change in the receptor, giving rise to two possibilities: the reduction of the IFN-␥R1 affinity for its ligand or the impairment of a correct interaction between the two complete receptor chains (IFN-␥R1 and IFN-␥R2) after the binding of the ligand. Our aim is to analyze these two possibilities. The results of this study will shed light on the importance of the threedimensional structure and of the affinity by the ligand in the IFN-␥/IFN-␥R1 system and the possibility of developing new therapeutic alternatives to current prevention with antibiotics.
Bone marrow transplantation has been proposed as likely the best treatment for these patients (5) . The new, nontruncating mutation described here makes it possible to study new therapeutic strategies such as the use of alternative forms of IFN-␥ that would efficiently bind to the mutant receptor or a hypothetical gene therapy with the wild-type alpha-chain gene. In addition, it may help to clarify whether hybrid receptors are generated in heterozygous individuals or if wild-type chain forms would displace the mutant chains at the cell surface. The pathways involved in host defense against mycobacteria and other intracellular pathogens will be clarified as more patients with IFN-␥ receptor defects are recognized and studied.
